Endo-1,4-/J-xylanase (EC 3.2.1.8) was isolated from the culture supernatant of Thermotoga sp. strain FjSS3-B. 1, an extremely thermophilic anaerobic eubacterium which grows optimally at 80 'C. Activity was purified 165-fold by anionexchange and hydroxyapatite chromatography. The enzyme has an Mr of 31 000 as determined by SDS/PAGE and 35 000 by analytical gel filtration. The optima for activity and stability for purified xylanase were between pH 5.0 and 5.5. At pH 5.5, which is the optimum pH for thermostability, ti (95 'C) is 90 min. The thermostability was improved by immobilization of the xylanase on to porous glass beads; ti (105 'C) is 10 min. Several additives, such as sorbitol and xylan, were also found to increase the thermostability. At 130 'C, the half-life of immobilized xylanase in the presence of 90 % sorbitol was 1.3 min. At 130 'C in molten sorbitol half of the enzyme denatured rapidly, but the remainder appeared to have a half-life of about 60 min.
INTRODUCTION
Xylan is the main component of hemicellulose which is present in Nature in large amounts and is a major by-product of the farming industry. Xylan consists of 1,4-glycosidically linked /-Dxylose with branches containing xylose and other pentoses, hexoses and uronic acids. Xylan can be degraded by either acid or enzymic catalysis. The enzymic process has the advantages of a highly efficient conversion rate, and the mild conditions required are non-corrosive and non-environmentally hazardous [1] . Although, the complete breakdown of xylan requires the action of several different enzymes, the depolymerizing endo-1,4-,fxylanase (EC 3.2.1.8) is the key enzyme. Consequently, xylanases have possible applications in waste treatment, fuel and chemical production and paper manufacture [2] . Thermostable xylanases may be exploited for xylan digestion processes at elevated temperatures. There have been several reports of high-temperature xylanases produced by various Bacillus species, which grow optionally at 65°C [3] [4] [5] . In this paper we describe the purification and partial characterization of an endo-1,4-flxylanase from the eubacterium Thermotoga sp. strain FjSS3-B. 1, an anaerobic extreme thermophile which grows optimally at 80°C.
In this laboratory we have assessed the thermostability of different enzymes from extremely thermophilic bacteria from both the archaebacterial and eubacterial kingdoms to help define the upper limit of thermal stability of enzymes [6] . To date one of the most thermostable enzymes is the xylanase from Thermotoga sp. strain FjSS3-B. 1 . We report on the conditions required to stabilize this enzyme at temperatures up to 130°C. Since many thermoinactivation reactions are hydrolytic, it is expected that dehydration stabilizes enzymes. Indeed, it has been shown that some enzymes are much more stable in organic solvents under anhydrous conditions than in aqueous solutions [7] . However, we were interested in the potential thermostability of enzymes in vivo and focused our investigations on methods of stabilizing the xylanase by the use of various additives and by immobilization.
MATERIALS AND METHODS

Materials
Calibration kits for protein standards to determine Mr values were obtained from Amersham and gel-filtration standards from Bio-Rad. Uncoated controlled-pore glass beads were obtained from Sigma. All other chemicals, except where stated in the text, were analytical grade from Sigma.
Growth of organism
Thermotoga sp. strain FjSS3-B.1 was enriched from an intertidal hot spring on Savu-Savu beach in Fiji [8] . The organism was grown anaerobically in a 600-litre vessel at 80°C on a mineral salt medium (MSM) containing casamino acids (Difco) (2 g/l) and yeast extract (Merck) (0.1 g/l). The cells were harvested in early stationary phase, 26 h after inoculation with a continuous-flow Sharples centrifuge at approx. 12000 g. The supernatant was collected and concentrated to 1800 ml through two Amicon SO0 YI0 cartridges in series.
Enzyme purification
All column chromatography was carried out at room temperature. At each stage the active fractions were pooled and the salt was removed by dilution with 20 mM-Mes buffer, pH 6, followed by concentration with Amicon PM10 ultrafiltration membranes.
Portions (700 ml) of concentrated supernatant were loaded on to a DEAE-Sepharose CL-6B column (16 cm x 10 cm) equilibrated with 20 mM-Mes buffer, pH 6. Xylanase activity was eluted at 0.25 M-NaCl with a 9-litre linear 0-1 M-salt gradient in the same buffer.
A Mono Q 10/10 (Pharmacia) f.p.l.c. anion-exchange column (1 cm x 10 cm), equilibrated with 20 mM-Bistris, pH 6, was used as a second purification step. Activity was eluted at 0.1 M-NaCl with a linear 0-0.3 M-salt gradient. The third step was Bio-Gel HPHT (99 cm x 2.5 cm) hydroxyapatite chromatography. A linear phosphate gradient of 20-300 mM-potassium phosphate, pH 6.8, was applied to the column, and xylanase activity was eluted at 200 mM-phosphate. As a final purification step the Mono Q chromatography was repeated.
Enzyme assays and protein determination Xylanase was assayed by measuring the reducing sugars released as xylose from oatspelts xylan and quantified with phydroxybenzoic acid hydrazide by using a method based on that of Lever [9] . The reaction mixture (500 #u1) contained 0.1 mcitrate buffer, pH 5.5, oatspelts xylan (0.2 %, w/v) and enzyme.
The reaction was terminated by the addition of 1 ml of ice-cold p-hydroxybenzoic acid hydrazide reagent. After 6 min boiling, the A420 was monitored. Assays were routinely carried out at 80°C and pH 5.5 for 10 min. For For pH stability and optima studies the following buffers were substituted for the citrate buffer: 0.1 M-citrate buffer (pH range 3-6.5); 0.1 M-Mes buffer (pH range 5.5-6.5); 0.1 M-Mops buffer (pH range 6.5-9). The stability studies were performed by incubating the enzyme at the selected pH value for 15 min at 115 'C and then titrating back to pH 5.5 and assaying at pH 5.5. One unit of enzyme activity was defined as the amount of enzyme required to produce 1 #mol of xylose/min. Specific activities are expressed as units per mg of protein.
Protein assays were performed by t-he method of Lowry et al. [11] , with BSA as a standard.
Determination of Mr
The Mr of purified xylanase was determined by chromatography on a calibrated molecular-exclusion h.p.l.c. TSK-Gel G3000SW column (600 mm x 7.5 mm).
PAGE was performed by the method of Laemmli [12] . Acrylamide gradient (10-30 %, w/v) gels were used. For SDScontaining dissociating gels, a constant current of 10 mA was applied until the Bromophenol Blue marker reached the bottom of the gel. For non-dissociating gels, electrophoresis was carried out in Tris/glycine buffer, pH 9.5, for 2000 V -h. For activity staining of the xylanase, an agar overlay containing oatspelts xylan (0.1 %, w/v) was placed over a non-SDS gel and incubated at 80 'C for 30 min. The overlay was stained with aqueous Congo Red (0.1 %, w/v). After destaining with 1 M-NaCl, a clear zone indicated xylanase activity [13] .
Analysis of degradation products
Samples taken from assay mixtures were injected on to a h.p.l.c. Bio-Rad Aminex HPX-42A column. Filtered vacuumdegassed water formed the mobile phase. The flow rate was 0.6 ml/min, the column temperature was 85 'C and the products were monitored with a refractive-index detector. Standards used were 20 mM-xylose and a mixture of 20 mM-glucose, -maltose, -maltotriose, -maltotetraose and -maltohexaose. 800,umol of oxirane groups per g of solid). Purified xylanase (50 ,ug) was immobilized on to glass beads (0.5 g) by the silane/glutaraldehyde coupling method [14] . Purified xylanase (100,g) was immobilized on to oxirane acrylic beads by the method of Solomon et al. [15] . After immobilization, the beads were dried by filtration and stored at 4 'C.
Thermostability measurements
For the experiments at temperatures over 100 'C, sealed Mininert vials (Pierce Chemical Co.) were fully submerged in an oil bath. The vials containing the specified additives in 300 4u1 of 0.1 M-citrate buffer, pH 5.5, were pre-equilibrated at the temperature stated. A suspension of the immobilized enzyme (200 ,ul) was injected through the Mininert valve, which was immediately closed, and the vial was submerged in the oil bath. After specified lengths of time at the required temperature, the vials were placed on ice. The samples were subsequently assayed with agitation either by spectrophotometrically measuring the release of dye from dyed xylan [10] or by washing the beads and assaying by the p-hydroxybenzoic acid hydrazide method [9] . The activity of control samples in which the enzyme was added after the vial was placed on ice (i.e. the enzyme solution was not preincubated at the elevated temperature) was taken as full activity. A thermistor (Omega) was sealed into the lid of a control vial to check the temperature of the buffer inside the vials during the period of incubation.
RESULTS AND DISCUSSION Xylanase purification
The enzyme was purified 165-fold resulting in a 90% yield ( Temperature (0C) generated a more diverse and complex range of heterooligosaccharides than could be resolved with the standards available in this study. In these circumstances it is difficult to be unequivocal in respect of the specificity for naturally occurring substrates.
Immobilization
The uncoated controlled-pore glass beads were the most efficient carrier (Table 2) Effects of temperature on activity Activity of purified free and immobilized xylanase was assayed over the temperature range 60-125 'C. Over a 20 min assay at pH 5.5, maximum activity was observed at 105 and 110 'C for free and immobilized enzyme respectively (Fig. 1) . Arrheniusplot data were determined for the free enzyme from 75 to 105 'C for 5 min assays, during which denaturation was insignificant. The Arrhenius plot was linear up to 95 'C and the activation energy (Ea) of the reaction was calculated to be 68 kJ/mol. Above 95 'C the slope decreased, suggesting some type of conformational change which lowered the Ea to 12 kJ/mol. There have been several reports in the literature that a conformational change occurs in thermostable enzymes well below the temperature at which the catalytic site is destroyed [22] [23] [24] .
Xylanase thermostability
Initial experiments with concentrated crude supernatant from the growth medium of Thermotoga sp. strain FjSS3-B. 1 indicated that the xylanase had a half-life of more than 20 min at 100 'C. However, the purified enzyme preparation exhibited half-lives of 90min, 8 min and < 2min at 95 'C, 100 'C and 105 'C respectively. The loss of thermostability during purification suggested that the xylanase may be stabilized by effectors present in the crude supernatant or by high protein concentrations.
The thermostability was improved when the purified xylanase was immobilized on to porous glass beads, and the half-life at 105 'C was 10 min. This finding suggests that immobilization results in a more rigid structure of the protein, which is less easily Vol. 277 unfolded and, consequently, more resistant to thermal inactivation. There have been many reports of data obtained by both physical methods and enzyme activity [25] [26] [27] or stability assays [28] which illustrated that immobilization resulted in a more rigid structure of the protein. There is also evidence that more rigid proteins are less susceptible to irreversible inactivation processes [29] .
Several additives were found to improve the thermostability of both the free and the immobilized xylanase. Incubation of free enzyme in the presence of 0.25 % (w/v) oatspelts xylan alone or 0.250% xylan plus 0.20% (w/v) BSA resulted in half-lives at 105°C of 9 min and 11 min respectively. Immobilized enzyme exhibited a half-life of 2 min at 115°C, and the thermostability was increased by the addition of 0.250% oatspelts xylan with 0.2% BSA to give a half-life of 5 min at 115 'C. When a combination of 0.25 % xylan, 0.2 % BSA and 41 0% (w/v) sorbitol was added to a suspension of immobilized enzyme, the half-life was 10 min at 115 'C. The same half-life was observed with xylan and sorbitol (Fig. 2) . Overall, the stabilizing effect of BSA and xylan was cumulative, but that of BSA and sorbitol was not.
The effect of various additives on the thermostability of the immobilized enzyme at 120 'C was also investigated ( Table 3) . The stabilizing effect of sorbitol increased with concentration, and at 120 'C the solubility of sorbitol is not a limiting factor, because at this temperature sorbitol is molten. The stabilizing effect of high sorbitol concentrations does not seem to be entirely due to a decrease in the water concentration, since 100 % glycerol was relatively ineffective. Furthermore, the reaction mixtures using molten sorbitol may have contained up to 1 M residual water. It has been suggested that polyhydric alcohols, such as glycerol, stabilize proteins by decreasing the water activity by forming strong hydrogen bonds with the water. The protein molecules preferentially bind water, and the structure so formed is less able to unfold against the structured glycerol solvent than it would be in water alone [30] . However, it has recently been reported that the interaction of polyols with the active site of the enzyme is another factor in enzyme stabilization [31] . A linear relation was observed between the affinity for the active site of aamylase and the effect at high concentration of various polyols [32] . Clearly, the mechanism of enzyme stabilization by polyols depends on several factors. Polyols may, via hydrogen bonds, both bind to the enzyme and improve the degree of order of the solvent.
At 130°C the half-life of the immobilized enzyme in the presence of 90 % sorbitol was 1.3 min. In molten sorbitol, 50 % activity was lost after 10 min at 130°C, but the inactivation curve was biphasic and 25 % activity remained after 60 min (Fig.  3) . [36] . The u.v.-visible absorption spectrum and electron carrier activity to Pyrococcus furiosus hydrogenase was unaffected by 12 h incubation at 95°C under anaerobic conditions [37] . A thermostable hydrogenase has also been isolated from Methanococcus jannaschii, a barophilic extremely thermophilic archaebacterium (D. S. Clark, personal communication). A crude preparation exhibited some residual hydrogenase activity after 1 min at 120°C when assayed with 50 % (v/w) glycerol and at a pressure of 2 atm. A proteinase purified from a Desulfurococcus strain had a half-life of 0.65 min at 115°C [38] . A half-life of 13.5 min at 100°C was reported for a pullulanase from Thermus aquaticus YT-1 when incubated at pH 7 in the presence of Ca2l ions [39] . Since the stability of these enzymes is not markedly lower than that found for the Thermotoga xylanase, it does not seem unreasonable to expect that these enzymes are also capable of being stabilized still further and of displaying activity above 120 'C.
It is not clear what are the upper limits for the thermal stability of proteins. Studies arising from reports of microbial growth at 250 'C [40] (not since confirmed) suggested that at these temperatures the hydrolysis of peptide bonds will be very rapid [41] [42] [43] . However, there is a paucity of information on protein stability work carried out at 100-150 'C. A study of enzymes from extremely thermophilic bacteria, such as Pyrodictium, which grows at 110 'C [44] , may reveal the existence of enzymes with still greater thermostability. This has implications for enzyme applications at high temperatures, as well as suggesting that enzyme stability need not confine the existence of life to 110 'C or below.
